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Introduction
The global climate change has a consider-
able impact on the urban population, which 
makes up more than half of the Earth’s pop-
ulation and it is predicted to be two-thirds 
of the ten billion people by 2050 (UN 2014). 
Projections of the regional climate models 
indicate that frequency of the heat waves is 
likely to be higher in the Carpathian Basin in 
the forthcoming decades. Indeed, by the last 
decades of this century a signifi cant increase 
in the length of heat wave periods can be 
expected (Pongrácz, R. et al. 2013). 
In urban areas signifi cant excess heat is 
generated by modified surface coverage, 
complex morphology and anthropogenic 
heat emission. Compared to the neighbour-
ing rural areas increased air temperature 
and modifi ed radiation circumstances can 
be observed in cities; both at micro- and lo-
cal level (Lelovics, E. et al. 2014; Thorsson, 
S. et al. 2014). Several investigations dem-
onstrated the impact of these modifi cations 
on human thermal comfort and usage of 
public places (e.g. Kántor, N. and Unger, 
J. 2010; Égerházi, L.A. et al. 2013). Thermal 
comfort conditions can be improved by care-
fully selected construction materials (Yang, 
X. et al. 2013; Erell, E. et al. 2014), shading 
by appropriate building height (Bajsanski, 
I.V. et al. 2015), ensured ventilation (Gál, T. 
and Unger, J. 2009; Ng, E. 2009), established 
water surfaces (Sun, R. and Chen, L. 2012) 
as well as by planting eﬀ ective vegetation 
(Dimoudi, A. and Nikolopoulou, M. 2003; 
Bowler, D.E. et al. 2010).
Urban forests provide a wide range of 
ecosystem services (from the environmental 
through the economic to the social benefi ts) 
to the city residents (Haase, D. et al. 2014; 
Mullaney, J. et al. 2015). One of the most im-
portant services from the viewpoint of the 
altering climatic background is their climate 
modifi cation eﬀ ect. Under Central European 
climate conditions extreme heat stress at the 
street level is usually the eﬀ ect of high solar 
radiation and the resulting high radiation 
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budget of pedestrians (e.g. Kántor, N. and 
Unger, J. 2011; Lee, H. et al. 2014). On the one 
hand, urban tree stands have many positive 
impacts on the climatic characteristics and 
air quality in cities at local scale, for example 
by the sequestration of carbon dioxide and 
the removal of various air pollutants, and by 
reducing storm-water runoﬀ  (Jim, C.Y. and 
Chen, W.Y. 2008; Kirnbauer, M.C. et al. 2013; 
Nowak, D.J. et al. 2013).
On the other hand, vegetation decreases 
the level of heat stress at micro-scale directly 
through evapotranspiration and shading (re-
duction of direct solar radiation). Canopy-
shading reduces slightly the near-surface air 
temperature under the trees (Abreu-Harbich, 
L.V. et al. 2015; Coutts, A.M. et al. 2016). 
Compared to air temperature the reduction 
of the radiation energy income is more im-
portant, which entails signifi cant decrease 
of physiological thermal stress (Gulyás, Á. 
et al. 2006; Kántor, N. et al. 2016). Shading 
potential of trees depends on species-related 
characteristics (e.g. crown density, leaf area 
parameters), age and health status of the 
tree stands. Large diﬀ erences can be shown 
in shading eﬃ  ciency during the vegetation 
period, depending on the seasonal foliation-
defoliation processes (Takács, Á. et al. 2016a). 
Even more important diﬀ erences may exist 
among various species (Konarska, J. et al. 
2014; Takács, Á. et al. 2015a). There is still a 
lack of information about the species-specifi c 
shading capacity of trees. However, broad-
ening the knowledge about these features 
would help in designing more eﬀ ective ur-
ban green areas. 
In line with this general goal, the aim of our 
study is to determine the solar permeability 
characteristics of some of the most common 
urban tree species in Hungary during the 
whole vegetation period.
We set the specifi c targets of this study as 
follows:
comparison of diﬀ erent tree species regard-
ing their transmissivity, and
looking for diﬀ erences between diﬀ erent 
sized tree individuals belonging to the 
same species.
–
–
These results can be directly integrated 
into microclimate modelling and small-scale 
outdoor thermal stress projection. Thus, our 
investigations provide indirect help for ur-
ban designers and landscape architects in the 
planning of climate-conscious green infra-
structure.
Methods and data
The city of Szeged
In order to achieve the above mentioned ob-
jectives, a long-term radiation measurement-
series was implemented in Szeged. The city is 
situated in the south-eastern part of Hungary 
(46°N, 20°E), and can be characterized with a 
population of about 162,000 and an urbanized 
area of about 50 km2. Szeged is spread on a 
fl at area without considerable topographi-
cal diﬀ erences (78–85 m a.s.l.), which allows 
small-scale meteorological results to be gen-
eralised (Andrade, H. and Vieira, R. 2007).
The region has a warm temperate climate 
with uniform annual distribution of precipi-
tation. According to the multi-year (1971–
2000) measurement series of the Hungarian 
Meteorological Service in Szeged the mean 
annual temperature is 10.6 °C. The daily 
mean temperature is normally above 10 °C 
from April to October; these months corre-
spond to the woody vegetation period, and 
usually this period of the year is regarded to 
be the most suitable for outdoor activities. 
The annual amount of precipitation is 489 
mm, while sunshine duration approaches 
2000 hours per year (HMS 2015). 
Preparations for the radiation measurements
In Szeged, the fi rst measurement-series on 
the short-wave radiation-modifi cation eﬀ ect 
of urban trees was conducted in 2014. These 
fi eld surveys lasted from June to November 
and involved 13 measurement days. Based on 
the experiences of this ’pilot campaign’ (e.g. 
Takács, Á. et al. 2015a,b, 2016a), a second meas-
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urement-series was implemented in 2015 with 
more measurement days. In the course of the 
second measurement campaign, we conducted 
simultaneous measurements with two human 
bio-meteorological stations. One of them was 
placed under carefully selected urban trees, 
and the other was placed to an open point of 
the same study area. The fi rst station stood in 
the shade while the second instrument was 
fully exposed to direct solar radiation during 
the measurement period. 
Before the micrometeorological meas-
urement campaign, thorough fi eld surveys 
were conducted in Szeged aiming to select 
the appropriate study locations and trees. We 
sought to represent those species that are fre-
quently planted in Hungarian towns as street 
or park trees. The main criteria were to fi nd 
healthy, adult, single shade tree specimens 
without the disturbing eﬀ ect of other land-
scape elements (Shahidan, M.F. et al. 2010; 
Konarska, J. et al. 2014; Abreu-Harbich, L.V. 
et al. 2015), in order to ensure that other trees 
or buildings do not infl uence the recorded 
parameters. We selected trees that stood in a 
park or a square with considerable amount 
of open sunny locations in order to facilitate 
the nearby ’sunlit’ measurements.
Finally, fi ve specimens that met the above 
criteria were selected for the purpose of our 
investigations: 
one Tilia cordata (small-leaved linden), 
one Sophora japonica (pagoda tree), 
one Celtis occidentalis (common hackberry), 
and 
two Aesculus hippocastanums (horse chest-
nut). 
The study areas comprised four recreation-
al places in Szeged (Mátyás square, Búvár 
lake, Rákóczi square and Kodály square) 
(Figure 1).
It should be highlighted that the two A. 
hippocastanums have diﬀ erent dimensional 
characteristics. One of them has larger full 
height and canopy diameter while slightly 
lower trunk height. (This specimen is called 
hereinaft er as ’larger’ and abbreviated as ’l’, 
while the other specimen is denominated as 
’smaller’ or ’s’.) Regarding full height, trunk 
–
–
–
–
height and canopy diameter, the T. cordata 
has comparable dimensions with the two 
A. hippocastanums. However, the selected S. 
japonica and C. occidentalis have smaller full 
height but larger canopy diameter than the 
other species (Table 1).
Details of the radiation measurements in 2015
The data collection was carried out with two 
special human bio-meteorological stations, 
both of them equipped with sensors meas-
uring the same meteorological variables in 
one-minute resolution. Each day, the instru-
ments were installed 10–20 min. prior to the 
dedicated measurement period in order to al-
low sensors to stabilize. The stations allow us 
to record all meteorological parameters that 
infl uence the human energy budget (Takács, 
Á. et al. 2016b). However, since this study is 
focusing on the shading capacity of trees, we 
analyze the changes of one parameter only. 
This parameter is the global radiation (G), 
which involves the short-wave radiation fl ux 
densities from the upper hemisphere and in-
cludes both direct and diﬀ use parts of the 
solar radiation:
Gtrans [W/m2] is the transmitt ed solar radia-
tion measured under the selected urban trees, 
at a distance of two meters on the northern 
side of the tree trunk,
Gact [W/m2] is the actual value of global ra-
diation measured at the nearby open site.
Transmissivity – a dimensionless value 
ranging from 0 to 1 – was calculated as the 
ratio of the measured G values:
Transmissivity =
 Gtrans
                          Gact
G data were recorded by Kipp & Zonen ra-
diometers, i.e. by the upper pyranometers 
of a CNR 1-type net radiometer in the case 
of the shaded station and of a CNR 4-type in 
the case of the sunlit instrument. Using tel-
escopic legs, the sensors were placed at 1.1 m 
height above ground level. This height corre-
sponds to the centre of gravity of a standing 
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Fig. 1. Investigated trees and their location in the city of Szeged, Hungary
Table 1. Main dimensional att ributes of the investigated urban trees
Species Aesculus hippocastanum (l)
Aesculus 
hippocastanum (s)
Tilia 
cordata
Sophora 
japonica
Celtis 
occidentalis
Full height, m
Trunk height, m
Canopy diameter, m
Trunk diameter, cm
15.0
2.0
10.0
78.0
13.5
2.5
9.0
57.0
15.5
2.5
9.0
70.5
12.0
3.0
12.0
75.0
9.0
1.8
14.0
70.0
European man, the most frequently applied 
standard subject in outdoor thermal comfort 
investigations (Mayer, H. et al. 2008; Lee, H. 
et al. 2013, 2014). Following the instructions 
of the manual of the net radiometers, we took 
special care about the horizontal levelling 
and their orientation to South.
The comparability of the two pyranom-
eters was tested on a cloudy and a totally 
clear summer day. In the frame of the test, 
both equipments were placed to the sun. The 
average diﬀ erences between the measured 
global radiation values were only 10.14 and 
3.8 W/m2 on the two days, respectively. All 
data considered, the diﬀ erences ranged from 
−35 to 50 W/m2 and did not exceed 25 W/m2 
in absolute value in more than 80% of the 
cases.
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The radiation measurements lasted from 
April to October in 2015 and consisted of 36 
measurement days, i.e. the campaign covered 
the whole vegetation period (Table 2).
Data analysis
This study focuses on the diﬀ erences regarding 
the shading-capacity of the investigated trees. 
For studying the inter-species diﬀ erences we 
selected the T. cordata, the S. japonica and the 
smaller A. hippocastanum. Then we compared 
the two A. hippocastanums in order to examine 
the impact of mere dimensional inequalities. 
For these two analyses 20 days were selected 
from the total 36 measurement days (Table 2) 
based on the following aspects.
Inter-species diﬀ erences were examined only 
in the hott est period of the year (summer). This 
comparison was based on the data of days 
when similar global radiation background was 
found. (Days close to each other were selected 
to improve the accuracy of comparison.) One 
of the main criteria was to select such day-com-
binations that can be characterized with the 
least disturbing eﬀ ect of clouds.
In the case of the larger and smaller A. hip-
pocastanum, the comparison period covered al-
most the whole measurement period (Table 2). 
Only three days were excluded: the sole day 
in April, as well as two days in late autumn 
due to the disturbing eﬀ ect of other trees and 
buildings caused by the low sun elevation. The 
two A. hippocastanum specimens were moni-
tored on consecutive days in almost every case 
in order to ensure as similar conditions regard-
ing the potential global radiation background 
as possible. Data analyses were performed 
within the statistical soft ware SPSS.
Results
Inter-species diﬀ erences
One of the specifi c goal of the study was to 
explore diﬀ erences in the solar permeabil-
ity of diﬀ erent shade tree species during the 
hott est period of the year. The selected trees 
include the smaller A. hippocastanum, the 
T. cordata and the S. japonica; each of them 
represented with four measurement days in 
summer (Table 2). The smaller individual was 
selected from the two A. hippocastanums for 
the purpose of this comparison since it was 
monitored more frequently under favorable 
sky conditions. 
Figure 2 illustrates the daily curves of Gact, 
Gtrans and transmissivity, while Table 3 shows 
Table 2. Measurement days in 2015 under the selected tree specimens*
Aesculus 
hippocastanum (l)
Aesculus 
hippocastanum (s)
Tilia
cordata
Sophora
japonica
Celtis
occidentalis
– 23-Apr-2015 16-Apr-2015 – –
12-May-2015 18-May-2015 11-May-2015 07-May-2015 06-May-2015
01-Jun-2015 02-Jun-2015 30-May-2015 29-May-2015 28-May-201503-Jun-2015
02-Jul-2015 01-Jul-2015 03-Jul-2015 06-Jul-2015 05-Jul-2015
21-Jul-2015 22-Jul-2015 01-Aug-2015 06-Aug-2015 23-Jul-2015
27-Aug-2015 28-Aug-2015 31-Aug-2015 01-Sep-2015 29-Aug-2015
01-Oct-2015 02-Oct-2015 – – 03-Oct-2015
28-Oct-2015 29-Oct-2015 26-Oct-2015 27-Oct-2015 30-Oct-2015
*Coloured days were selected for the analyses.
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Fig. 2. Diﬀ erences in solar permeability through the foliage of three diﬀ erent species: the smaller Aesculus 
hippocastanum (s), Tilia cordata and Sophora japonica. Time is in CET; Gtrans = transmitt ed radiation; Gact = actual 
value of global radiation 
the corresponding descriptive statistics of 
daily transmissivity values. It is important 
to note that the statistic tables are based on 
the data of ’sunny minutes’ only, aiming to 
get rid of the disturbing effect of clouds, 
which caused sometimes sharp ’apparent 
transmissivity increases’: see for example the 
cases of July 1 (around 12 a.m. and 1 p.m.) 
as well as July 6 (around 1.40, 2.10 and 3.20 
p.m.) when sharp decreases of Gact coincid-
ing with moderate decreases of Gtrans caused 
smaller or greater jumps in the transmissivity 
curve. Clear sky conditions, however, can be 
characterized with smooth, bell-shaped Gact 
curves, and in these circumstances the sharp 
increases in Gtrans result in real jumps of trans-
missivity. 
A slight temporal tendency can be ob-
served within the summer period for all 
species, i.e. the lowest transmissivities were 
calculated for early or late July, while the 
highest ones were obtained at the end of 
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August (Figure 2, Table 3). S. japonica had the 
highest transmissivity in all measurement 
periods, generally exceeding 0.1, except for 
early July. According to the obtained trans-
missivity values, T. cordata can be considered 
to be the most eﬀ ective shade tree species in 
the investigation period. In early August, its 
transmissivity values scatt ered around 0.04 
and for most of the day its Gtrans values were 
below 50 W/m2 (Figure 2). Even at the end 
of August when the compared trees showed 
the highest solar permeability within sum-
mer we measured still fairly low transmis-
sivities, being lower than 0.1 (median: 0.073, 
mean: 0.088) (Figure 2, Table 3). Thus, we can 
set a shading-capacity sequence among the 
investigated species as follows: T. cordata, A. 
hippocastanum and S. japonica.
Standard deviation of transmissivity of S. 
japonica approached or exceeded 0.1 in three-
quarters of the cases (0.097, 0.107 and 0.104 
in May, August and September, respectively), 
while A. hippocastanum’s transmissivity values 
had the lowest standard deviation (they were 
between 0.011–0.014 in three days) (Table 3).
There is an additional feature regarding 
the transmissivity of lonely shade trees that 
can be noticed on the charts of Figure 2, es-
pecially, in the cases of T. cordata: see that the 
transmissivity values tend to be the lowest 
when the global radiation reaches its daily 
maximum. On the other hand, during the 
earliest and latest hours of the measurement 
period, when the bell-shaped Gact curve 
reaches its lowest values, the transmissivity 
shows a slight but monotonic increase. That 
is, the rate of decline in global radiation is 
not followed by the decrase in transmitt ed 
radiation. In fact, Gtrans keeps its level or may 
be even greater at lower sun elevations be-
cause more diﬀ use radiation may reach the 
’shaded pyranometer’ from lateral directions 
at these situations.
Dimensional diﬀ erences
Now we are looking for the eﬀ ectiveness of 
solar radiation reduction in the light of pure 
size diﬀ erences. For this purpose we consid-
er the two A. hippocastanum specimens with 
diﬀ erent dimensional att ributes. The daily 
courses of actual global radiation, transmitt ed 
radiation as well as the transmissivity values 
are depicted on Figure 3. Besides, Table 4 con-
tains the main descripitive statistics regard-
ing the daily transmissivity values. It should 
be highlighted again that only those minutes 
were considered for these statistics that were 
free from the eﬀ ects of clouds (see the diﬀ er-
ent case numbers – N – in the table). 
The daily curves of actual global radiation 
refl ect the normal seasonal diﬀ erences occur-
ring in our region: Gact approached 1,000 W/
m2 in early July while it remained below 700 
W/m2 during the autumn days (Figure 3).
Table 3. Basic descriptive statistics regarding the transmissivity values of the smaller Aesculus hippocastanum (A. h. 
(s)), Sophora japonica (S. j.) and Tilia cordata (T. c.) on their investigation days*
Tree Date N Stand. Dev. Min. Median Mean Max.
S. j.
T. c.
A. h. (s)
29-May-2015
30-May-2015
02-Jun-2015
345
389
389
0.097
0.021
0.013
0.086
0.038
0.079
0.113
0.057
0.090
0.154
0.063
0.094
0.578
0.141
0.169
A. h. (s)
S. j.
T. c.
01-Jul-2015
03-Jul-2015
06-Jul-2015
350
388
373
0.014
0.034
0.016
0.057
0.074
0.047
0.085
0.086
0.079
0.087
0.099
0.083
0.269
0.364
0.191
A. h. (s)
T. c.
S. j.
22-Jul-2015
01-Aug-2015
06-Aug-2015
390
388
388
0.011
0.036
0.107
0.075
0.022
0.086
0.084
0.035
0.113
0.088
0.044
0.149
0.128
0.386
0.785
A. h. (s)
T. c.
S. j.
28-Aug-2015
31-Aug-2015
01-Sep-2015
381
387
376
0.059
0.056
0.104
0.083
0.051
0.101
0.099
0.073
0.133
0.111
0.088
0.172
0.686
0.634
0.722
*The statistics are based on the data of sunny minutes (N) only.
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Different dimensional 
characteristics of the in-
vestigated specimens af-
fected obviously the solar 
permeability of the tree 
crown in the case of each 
day-pair. Namely, higher 
transmitted radiation 
and consequently higher 
transmisivity values were 
detected in the case of the 
smaller A. hippocastanum 
(Figure 3). The descriptive 
statistics in Table 4 confi rm 
this statement: all median 
and mean transmissivity 
values were higher under 
the smaller individual. 
The solar permeability 
showed a decreasing order 
along the spring and sum-
mer months in the case of 
both trees. In the case of 
the larger specimen the 
transmissivity values fell 
in the range of 0.02–0.04 in 
spring and they were be-
low 0.02 in mid-summer, 
while they declined from 
0.09 to 0.085 concerning 
the smaller tree. Aft er that, 
the transmissivity values 
started to increase and 
they peaked in October 
when the values of the 
smaller individual often 
exceeded 0.1 (Figure 3, 
Table 4). This phenomenon 
can be explained obvious-
ly by the seasonal foliation 
status of the trees.
Fig. 3. Diﬀ erences in solar per-
meability of the larger (l) and 
smaller (s) Aesculus hippocasta-
num from spring to autumn. 
Time is in CET; Gtrans = transmit-
ted radiation; Gact = actual value 
of global radiation
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The decline in Gact values on cloudy days 
implies relatively smaller increase in tranmis-
sivity values in summer when transmissivity 
values are already the lowest. We found com-
parably high transmissivity values in the case 
of the larger A. hippocastanum at the end of the 
daily measurement period on the late sum-
mer day and the autumn measurement day 
(Figure 3). Accordingly, we got remarkably 
diﬀ erent median and mean values on these 
days (median of 0.022 and mean of 0.039 on 
27 August, and median of 0.037 and mean 
of 0.074 on 1 October; Table 4). Comparing 
the transmissivity of the two tree individu-
als based on their daily medians, we found 
considerably higher values in the case of the 
smaller specimen (Table 4), that is, even in the 
case of adult trees, the dimensional charac-
teristics have a great impact on the shading 
capacity.
Concerning the differences in standard 
deviation (SD) of the two specimens, almost 
the same SD values were observed in late 
July (0.013 and 0.011; Table 4). At this time 
of the year the foliage is expected to be fully 
developed and most dense. In other days, 
however, the larger individual had consid-
erably higher SD. The reason for this can be 
att ributed to the ’regular jump’ of the larger 
tree’s transmissivity in the aft ernoon, which 
was caused by canopy-structural character-
istics (a greater broken oﬀ  branch).
Discussion and outlook
Planting and maintaining urban tree stands 
is one of the most obvious ways to fight 
against heat stress and to create comfortable 
outdoor places in urban areas. Vegetation 
mitigates the level of thermal stress most 
eﬀ ectively via shading, i.e. by reduction of 
incoming short-wave radiation (Konarska, 
J. et al. 2014; Kántor, N. et al. 2016; Takács, 
Á. et al. 2016a,b). We presented the results of 
a long-term fi eld measurement series, which 
covered the whole vegetation period. In line 
with the primary goal of the study, the analy-
ses focused on the shading capacity of single, 
mature trees belonging to those species that 
are frequently planted in Hungarian towns as 
street or park trees. As a measure, dimension-
less transmissivity values were calculated. 
We were looking for inter-species diﬀ erences, 
and examined the eﬀ ect of dimensional dif-
ferences on the shading capacity of mature 
trees. The resulted graphs (Figures 2 and 3) 
revealed that transmissivity is sensitive to the 
background sky conditions, especially to the 
rapid changes of sunny and cloudy periods. 
Therefore, we performed the main descrip-
tive analyses on the basis of clear sky condi-
tion values only (Table 3 and 4).
Shading eﬃ  ciency of urban trees and its 
variation among diﬀ erent species and sea-
sons can provide useful information with 
Table 4. Basic descriptive statistics regarding the transmissivity of the larger (l) and smaller (s) Aesculus 
hippocastanum (A. h.) trees*
Tree Date N Stan. Dev. Min. Median Mean Max.
A. h. (l)
A. h. (s)
A. h. (l)
12-May-2015
18-May-2015
01-Jun-2015
371
360
316
0.075
0.012
0.042
0.014
0.077
0.018
0.020
0.087
0.028
0.037
0.091
0.037
0.801
0.122
0.523
A. h. (s)
A. h. (s)
A. h. (l)
02-Jun-2015
01-Jul-2015
02-Jul-2015
389
350
301
0.013
0.014
0.045
0.079
0.057
0.017
0.090
0.085
0.029
0.094
0.087
0.040
0.169
0.269
0.468
A. h. (l)
A. h. (s)
A. h. (l)
21-Jul-2015
22-Jul-2015
27-Aug-2015
321
390
369
0.013
0.011
0.081
0.007
0.075
0.014
0.016
0.084
0.022
0.019
0.088
0.039
0.118
0.128
0.775
A. h. (s)
A. h. (l)
A. h. (s)
28-Aug-2015
01-Oct-2015
02-Oct-2015
381
342
372
0.059
0.130
0.039
0.083
0.030
0.082
0.099
0.037
0.104
0.111
0.074
0.111
0.686
0.908
0.542
*The statistics are based on the data of sunny minutes (N) only.
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regards to climate sensitive planning and 
modelling of outdoor thermal comfort in cit-
ies (Konarska, J. et al. 2014). However, there 
is still a lack of information in experimental 
transmissivity data. As an international com-
parison, Figure 4 summarizes the outcomes 
of the available transmissivity studies that 
have been carried out in diﬀ erent geographi-
cal areas. The displayed mean transmissivity 
values were based on clear (or mostly clear) 
measurement days in summer – or at least 
on those days when the investigated trees 
were fully foliated. (The mean values of the 
present study were based on the days in 
Table 3). Figure 4 illustrates great inter-species 
diﬀ erences, and evinces the eﬀ ective shading 
of Tilia and Aesculus species. 
Besides, similarily to previous inves-
tigations (e.g. Cantón, M.A. et al. 1994; 
Konarska, J. et al. 2014; Takács, Á. et al. 
2015a), this study revealed signifi cant an-
nual diﬀ erences in transmissivity (Figure 3), 
which depend on the species-specifi c folia-
tion-defoliation cycle. Due to these fi ndings, 
application of monthly, or at least seasonally 
transmissivity values would be required in 
radiation and bio-climate modelling.
Figure 5 oﬀ ers a graphical summary about 
the main fi ndings of this study, including the 
disturbing impact of clouds on the calculated 
transmissivity values, the dimension-related 
eﬀ ects and the inter-species diﬀ erences. The 
chart-montage shows the daily graphs of S. 
japonica, T. cordata and the two A. hippocasta-
nums based on the data of four nearby sum-
mer days.
The eﬀ ect of clouds is clearly refl ected in 
the higher and most variable transmitt ed ra-
diation and thus transmissivity values during 
the aft ernoon hours of 21 July (Figure 5, a). 
One reason for that may be that the ratio of 
diﬀ use radiation (as part of the global radia-
tion) increases at the expense of direct radia-
tion during cloudy conditions. The foliage, 
however, is more eﬀ ective regarding the in-
terception of direct radiation than diﬀ use ra-
diation (Cantón, M.A. et al. 1994; Konarska, 
J. et al. 2014). In cloudy conditions, the actual 
value of G may drop because of the decrease 
of direct radiation, however, the diﬀ use part 
that is less eﬀ ectively shielded by tree crown 
is almost the same. This may result in much 
greater decrease in Gact than in Gtrans, thus an 
increase in transmissivity. 
The frequency of temporary transmitt ance 
of direct radiation through the foliage is a 
species-related att ribute depending on cano-
py-structural characteristics (Shahidan, M.F. 
et al. 2010). Of course, if we put species-spe-
cifi c characteristics in the focus of the inves-
Fig. 4. Comparison of mean transmissivity values found in diﬀ erent experimental studies
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Fig. 5. Transmissivity and the short-wave radiation from the upper hemisphere measured under diﬀ erent 
shade-trees as well as in a nearby open point. Time is in CET; Gtrans = transmitt ed radiation; Gact = actual value 
of global radiation 
tigations, it is suggested to analyse a dataset 
free from the disturbing eﬀ ect of clouds. Our 
results confi rmed that transmissivity values 
are more balanced on sunny days, which 
underpins the necessity of clear days for the 
more detailed transmissivity investigations 
focusing on inter-species and canopy-dimen-
sional diﬀ erences.
The comparison of the results of two A. hip-
pocastanum trees provided information on the 
eﬀ ect of dimensional diﬀ erences (Figure 3; 
Figure 5, a and b). In the case of the larger 
individual the lower transmitt ed radiation 
values were associated with reduced trans-
missivity. One reason for this could be the 
greater crown volume in the large A. hippo-
castanum individual (Table 1), which implies 
a longer distance through the canopy that 
the direct solar beam has to pass, enhanc-
ing the foliage absorption therefore lowering 
Gtrans. On the other hand, the greater trunk 
height of the smaller A. hippocastanum speci-
men (Table 1) connotes that larger amount of 
diﬀ use radiation may reach the sensor placed 
under the tree from lateral directions. Thus, 
both of these dimensional-related diﬀ erenc-
es allow measuring greater Gtrans under the 
smaller A. hippocastanum at the same time of 
the year, provided that both individuals are 
healthy (Figure 3; Figure 5, a and b). Increased 
transmissivity values were found in the case 
of the larger A. hippocastanum at the end of 
the daily measurement period on the inves-
tigation days in late summer and autumn 
(Figure 3). This may be the result of lower 
sun elevation, cloudy conditions or structural 
defi ciencies at certain parts of the tree crown 
that increased the value of Gtrans (Figure 3).
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The remarkable diﬀ erence between the me-
dian and mean values characterizing the trans-
missivity of the larger A. hippocastanum is the 
consequence of the fact that the arithmetical 
mean is very sensitive to extremes (Table 4) 
(Andrade, H. and Vieira, R. 2007; Takács, Á. et 
al. 2015a). Since transmissivity may change rap-
idly and may show some outlier values depend-
ing on the slight movements of leaves because 
of wind as well as the monotonous change in 
sun elevation and azimuth, we consider it more 
appropriate to characterize the distribution of 
transmissivity with the median value. 
The obtained inter-species differences 
(Figures 2, 4 and 5) in transmissivity may be 
explained with the characteristics of canopy 
structure and leaf density (see also Shahidan, 
M.F. et al. 2010). Due to the dense foliage, there 
is relatively small and consistent transmitt ed 
radiation in the case of T. cordata, which results 
in small transmissivity values. The good shad-
ing potential of Tilia species was also shown 
by Papp, N. (2013) in Szeged and Konarska, 
J. et al. (2014) in Gothenburg, Sweden. On the 
contrary, we found always higher transmis-
sivity values in the case of S. japonica due to 
its sparse canopy allowing direct radiation to 
reach the instrument more frequently. This 
att ribute is clearly refl ected in the fl uctuating 
Gtrans and transmissitivity values concerning 
S. japonica (Figure 2; Figure 5, d).
We consider that the presented measurement 
method is suitable for gaining generic infor-
mation about the shading capacity of trees. 
According to the resulted transmissivity val-
ues, the species can be ranked based on their 
shading capability, and these information are 
directly usable in the course of green space 
planning and in selection of appropriate trees. 
The obtained results can be used as input 
data in microclimate simulations to enable 
more reliable modelling. For example, from the 
group of tools designed for the assessment of 
human thermal comfort conditions, SOLWEIG 
model allows the users to add or change the 
transmissivity value of the modelled trees. 
This means that in the course of outdoor space 
design the eﬀ ect of altered transmissivity can 
be evaluated on a territorial basis. 
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